INTRODUCTION
Sandy beaches around tropical atolls are essential to island communities (Fujuta et al., 2009 ) as a protective barrier to destructive waves, and a staging area for fishing and boat launching. Sand islands develop from subtidal gravels; as wave energy dissipates, intertidal sands accumulate supratidally to provide colonization space for vegetation (McKoy et al., 2010) . Beaches have been favoured locales for human habitation in Pacific islands since initial human settlement, because conditions and substrates made boats easy to pull onto the shore (Dickinson, 2014) . Although sandy beaches dominate atoll shorelines across the Pacific, studies of beach sand origins and composition are uncommon in literature for the region (Nel at al., 2014) . Atolls that have been heavily modified by human activity such as Tarawa, Majuro (Fujita ________________________ et al., 2009; Yasukochi et al., 2014) , Funafuti (Collen and Garton, 2004; Kench et al., 2014) and Palmyra (Collen et al., 2009 ) have better studied shorelines relative to unmodified atolls.
Beach sediments of atolls derive from nearshore biogenically-produced carbonate sand (Milliman, 1967; 1974; Stoddart and Steers, 1977; Gischler, 1994; Richmond, 2000; Yamano et al., 2002; Yamano et al., 2005; McKoy et al., 2010; Perry et al., 2011; Kench et al., 2014; McLean and Kench, 2015) , primarily from coral, benthic foraminifera, calcareous algae, mollusc shells, spicules and echinoderm spines. Review of the composition of reef island beaches from 24 available studies (Perry et al., 2011) showed that most are foraminifera-dominant, a few are coral fragment-dominant, and only Caribbean atolls show dominance of the algae Halimeda. Foraminiferal tests can be produced in large numbers on reef crests in relatively pristine environments, but decline when nutrification occurs (Hallock, 2000) . The major constituent of beach sand of Pacific atolls is foraminifera (Yamano et al., 2005) , particularly Baculogypsina and Calcarina, thus are essential to this facies of atoll islands (Kayenne et al., 2002; Yasukochi et al., 2014; Kench et al., 2014) .
Carbonate-dominant beaches can have a minerogenic proportion, which for beaches adjacent to continents or volcanic islands is quartz sand (Pilkey et al., 1967; Davies and Hudson, 1987) , or derived from other igneous or metamorphic rocks (Friedman, 1968; Harney et al., 2000) . However, a small noncarbonate proportion has also been reported from mid-ocean atoll beach sands (Forbes and Hosoi, 1995; Forbes and Solomon, 1997; Ellison et al., 2017) , the nature of which has been little investigated.
Variability in carbonate beach composition may be due to benthic communities, differential erosion on the beach, or human impacts, and is important to understand sand supply to atoll shorelines (Ellison et al., 2017) . Carbonate sediment is the most susceptible of all coastal sands to abrasion and dissolution (Pilkey et al., 1967) . With sources from biogenic environments such as coral reefs, seagrass beds and molluscs, human impacts on these communities may reduce sand supply and lead to beach erosion (Ebrahim, 2000; Fujita et al., 2014) , which is of wide concern in the Pacific islands region, particularly on inhabited shorelines (Forbes and Hosoi, 1995; Gillie, 1997; Mimura and Nunn, 1998; Duvat, 2013; Duvat et al., 2013; Donner, 2013; Nurse et al., 2014) . With low lying reef islands being highly vulnerable to sea level rise Nurse et al., 2014) , understanding the physical structure and composition of beach sediment is important in determining the sources and processes involved in sediment supply and erosion.
Atolls that have been heavily modified by human activity such as Tarawa, Majuro (Fujita et al., 2009; Yasukochi et al., 2014) , Funafuti (Collen and Garton, 2004; Kench et al., 2014) and Palmyra (Collen et al., 2009 ) have better studied shorelines relative to unmodified atolls. Sediment characteristics of Tarawa atoll, Kiribati, have been studied at several locations following concerns about beach erosion, due to disruption of sediment supply by causeway construction (Richmond, 1990; Forbes and Hosai, 1995; Smith and Biribo, 1995; Ebrahim, 2000) . On the ocean-facing shore of central South Tarawa, beach sand was described as almost 100% carbonate (Forbes and Hosoi, 1995; Forbes and Solomon, 1997) . Beach sand from Tarawa showed dominance by coral (44% on the ocean side and 40% on the lagoon shore), with similar levels of foraminifera (c. 37%), as well as molluscs (c. 15%) and Halimeda (c. 4%) (Ebrahim, 2000) .
Tarawa is the relatively well-studied capital atoll of the Republic of Kiribati, which includes 33 atolls dispersed across 2.5 million km 2 of the equatorial Central Pacific Ocean (Figure 1 ). Twelve atolls are found in the western Gilbert Islands, including Tarawa and Abaiang (Goldberg, 2016) 56'E) has the 6 th largest land area of the western Gilbert group, with the 4 th largest lagoon area (Thaman et al., 1992) . Larger atoll islands are the most stable, and may offer ongoing land resources and opportunities for future habitation relative to smaller islands (Kench et al., 2018) . Abaiang has the fourth highest population of atolls in Kiribati, with 5,502 people recorded in the 2010 census. Economic activities include fishing and agriculture, largely for subsistence living, and its coastline is unmodified by causeways or seawalls. Local residents of Abaiang have submitted many reports of beach erosion threatening villages and infrastructure (Ministry of Internal and Social Affairs [MISA], 2008; Office of Teberetitenti, 2012) . Extensive problems with coastal erosion on Abaiang have been documented, with 47 beach sites described (MISA, 2008) , many adjacent to villages. At one location south of Tebunginako village, erosion resulted from ongoing adjustment of the shore to blocking of a natural channel from the western coast to the lagoon by causeway construction (Webb, 2006) . Other shorelines, particularly on the lagoon shore where most villagers live, also have reported coastal erosion (Office of Teberetitenti, 2012), attributed to climate change, sea level rise and flooding of land during high sea surges (MISA, 2008) .
The aim of this study was to investigate the characteristics of beach sediment from lagoon and reef beaches of Abaiang, including the compositional sources of the beach sand, and its physical and chemical characteristics. The objective was to enable better understanding of the sediment sources to the beaches, and identify differences across the island and between reef and lagoon beaches. Abaiang was selected as an unmodified large atoll adjacent to the well-studied and modified atoll of Tarawa, to enable comparison. Grain size properties were utilized to indicate the sources and distribution characteristics of the coastal and marine sediments (Edwards et al., 2005) . Information relating to the nature of beach sediment, geochemistry and sand composition can aid management agencies to identify where the sand is derived, to establish priorities to protect the sources of coastal sediment of Pacific islands.
METHODS

Study Area
Abaiang lacks climate data, but 40 km south of Abaiang, the weather station at Betio on Tarawa shows mean monthly temperatures of 27-28 o C and mean annual rainfall of 2,100 mm (Australian Bureau of Meteorology and Commonwealth Scientific and Industrial Research Organisation, 2011) . Prevailing winds are from the east, causing Tarawa and adjacent atolls to have coral dominant eastern windward reef coasts, and western leeward lagoons with reduced reef development (Paulay and Kerr, 2001) . The tidal range is 1.1-1.3 m (Lelaurin, 2000) .
During El-Niño periods, the prevailing wind and wave directions change from easterly to westerly (Solomon and Forbes, 1999) , causing oscillations in beach profiles on Tarawa (Gillie, 1997) . On Abaiang, during prevailing easterly winds, lagoonal longshore drift is predominantly from south to north, which reverses during El Niño conditions (Lelaurin, 2000) .
Coral reef surveys of Abaiang show that windward sites close to St Joseph's College reef (Figure 1 ) are spur and groove hard coral reefs, with coralline algae and gastropods close to shore (Lovell, 2000) . Percent cover surveys at the southern point of the main atoll island of Teiro (Figure 1 ) showed hard coral (44%), coralline algae (30%), Halimeda (4%) and sand (21%), with deeper reefs showing more abundant hard coral (72%). Lagoonal reefs offshore of Wakeem ( Figure 1 ) were characterized by inshore silty environments inhospitable to reefs, with little hard coral (15%), macroalgae (8%) and dominant sand and reef rock (81%) (Lovell, 2000) . The flora of Abaiang has not been as comprehensively studied as other Kiribati atolls (Thaman and Tye, 2015) . Important components of the Abaiang flora are Cocos nucifera, Guettarda speciosa, Casuarinas, Morinda citrifolia, Scaevola sericea, Tournefortia argentea, Calophyllum inophyllum, Cordia subcordata, Pemphis acidula, Terminalia samoensis, Pisonia grandis, Clerodendrum inerme and introduced species (MISA, 2008) .
Sample Collection
The main island of Abaiang atoll, Teiro, is 36.72 km long and up to 0.92 km wide (Office of Teberetitenti, 2012) . Eight study sites were located from north to south along the shore of Teiro (Figure 1 ; Table 1 ), mostly on the lagoon shore and with comparative sites on the reef shore. Following Kiribati traditions, access was gained through the Island's Mayor and Town Officer, and granted by leaders of each community following explanation of study objectives. At each site (Figure 1 ), a topographic profile was surveyed, and samples were collected from upper, centre and lower levels, of each narrow beach. Elevation relative to MSL datum was determined using the high tide mark and adjusted using the Tarawa tide prediction (Bureau of Meteorology, 2015), following Bini et al. (2014) . Distance along the profile was measured from the upper beach vegetation edge, and samples were taken at low tide from the undisturbed sand surface. At each sample point, 20 sub-samples spaced 10 cm apart were combined from each side of the surveyed profile.
Samples were preserved and stored separately in tightly sealed containers for export from Kiribati, gamma irradiated for biosecurity on entry to Australia, then oven dried at 50 o C for 48 hours or longer when required. A well-mixed, split sub-sample of 30 to 50 g was taken from each sample for assessment of major metals, carbonate proportion, grain-sizes, roundness and constituent composition of the sediment. 
Texture and Physical Properties
Grain-size analysis allows the interpretation of processes active on a beach, and the sources of sediment. Methods followed Stoddart (1978) , avoiding errors described by McManus (1988) , with samples dry sieved through a cascade of sieves of 4, 2, 1, 0.5, 0.25, 0.125, 0.063 mm. Physical size distribution parameters of mean grain-size, degree of skewness, degree of sorting and kurtosis were calculated using statistical methods, formulas and interpretations following Wentworth (1922) , Folk (1954 Folk ( , 1966 , and Folk and Ward (1957) . Sorting indicates the spread of different sediment sizes around a central tendency, skewness shows any asymmetry in the spread such as a long tail of finer particles, and kurtosis is a ratio of the spreads of the tails and the centre of the distribution (McManus, 1988) . Coarse sediment is associated with areas of stronger wave action, fine sediment suggests weak wave action, and poorly sorted sediment indicates quiet water processes and slow deposition (Stewart, 1958) . Roundness was assessed visually from the bulk sample under a dissecting microscope (Powers, 1953) , before sieving, using the six scale key of Shepard and Young (1961) . Calcareous sediment derived from algae, coral and shell fragments is initially angular, or with protuberances in the case of foraminifera; with wave action the shapes become rounded or worn. The angled or round nature of sediment can show how long it has been subjected to wave action processes.
Sand Composition
The composition of the sediment was examined from sub-samples of all size fractions using a dissecting microscope at magnifications ranging from x6.7-40, and composition in classes of coral, molluscs, calcareous algae and foraminifera determined by comparison with reference sources (Folk and Robles, 1964; Falls and Textoris, 1971; Carpenter and Niem, 1998; BioInformatics, 2009; Glover and Taylor, 2001; Wilson, 2013; Yasukochi et al., 2014) .
Geochemical Analysis
For analysis of the geochemical composition of sediments, all glassware and containers were chemically cleaned with concentrated analytical reagent (AR) grade hydrochloric acid (HCl) and concentrated AR nitric acid (HNO 3 ) before rinsing with distilled water. Bulk sediment samples of c. 250 g were dried at 50 o C to constant mass (<0.05% variation between weight measurements). A 3 g composite sub-sample of dry sediment was dissolved in 10 mL, 32 wt% AR HCl for calcium (Ca), magnesium (Mg) and sodium (Na) analysis. The reaction was allowed to continue for at least 15 minutes or more until reactions ceased. The solution then was made up to a volume of 100.0 mL in a volumetric flask.
Calcium, magnesium, and sodium concentrations were determined using a GBC ExplorAA atomic absorption spectrophotometer (AAS). Ca was analysed at 422.7 nm with nitrous oxide -acetylene flame. A calibration curve was generated using 0-5 ppm calcium standard solutions prepared from a 1,000 ppm AccuTrace TM Reference Standard. Samples were diluted by serial dilution to fit within the calibration range. Blanks, standards and test solutions for Ca analysis were prepared to have a final concentration of 2,000 ppm K + , and 1% HNO 3 . Mg was analysed at 285.2 nm with air-acetylene flame and 0-1 ppm magnesium standards prepared from a 1,000 ppm AccuTrace TM Reference Standard. Sodium was analysed at 589.0 nm with air-acetylene flame and 0-1.5 ppm sodium standard prepared from a 1,000 ppm AccuTrace TM Reference Standard. To quantitatively determine the carbonate fraction of the sediment, the gravimetric acid dissolution method was adopted from Pilkey et al. (1967) . A fresh 3 g sample of dry sediment was flooded with 20 to 30 mL of distilled water followed by the addition of three 3 mL aliquots of 32 wt% HCl. The solution was vacuum filtered through dried 1.2 μm glass fibre filters (Micro analytix 47 mm MSGC) and dried to a constant weight (<0.05% difference) at 60 o C on a clean watch glass. The colour of the dry non-carbonate fraction left over after carbonate dissolution was visually described using Munsell (2000) colour charts, and photographed.
Statistical Analyses
Significance testing was performed using a Student t-test and analysis of variance (ANOVA). The ttest was used to determine differences in various properties of beach sand between two categories such as lagoon or reef sites. Reports of erosion on Abaiang are predominantly from lagoonal shores (MISA, 2008; Office of Teberetitenti, 2012) . One-Way-ANOVA analysis was used to determine differences in sand composition across all study sites and a posteriori test, Tukey's procedure, was used to compare and classify similar and dissimilar sites. Data analysis was performed using Microsoft Excel 2013 and IBM SPSS 22.
RESULTS
All beaches were narrow, spanning 10-20 m between the littoral vegetation edge at the top of the beach, and the lower beach break in slope to offshore lagoonal flats of finer sediment (Figure 2 , Table 1 ). 
Texture and Physical Properties
The most frequent mean particle size class observed across all sampling sites was medium and coarse sand (mean = 0.58 mm, SD = 0.33; Table 2 ). There was no significant difference between the mean grainsize values between the lagoonal and reef sites (t-test, t = 0.102, df = 23, p= 0.920). All sites showed an increase in the mean grain-size from the upper to lower beach (Table 2; Figure 3 ). Sites A, B, C and E displayed the most significant change in mean grain-size between the upper and lower beach ranging from 0.43-1.11 mm. At sites D and F, the difference was only 0.16 mm and the remaining sites showed a mean grain-size difference of 0.25-0.32 mm between the upper and lower beach (Table 2; Figure 3) .
All locations showed a similarity in the degree of symmetry of grain size distributions (symmetrical and fine skewed), and degree of sorting (moderately well sorted) (Table 2) , except sites C and E which showed coarse skewed results particularly on the upper beach. Site A also showed upper beach coarse skewed results, which means there is a range of larger particles present. No significant difference in the degree of skewness was found between lagoon and reef sites. Upper beach site samples ranged from moderately well-sorted to moderately sorted, and both reef sites showed upper beach results of moderately well sorted sediment (Table 2) , which means the sediment sizes are quite similar. Both reef sites and two lagoon sites showed a leptokurtic distribution of sediment from upper beach samples, indicating a strongly peaked curve with good sorting in the centre of the grain size distribution (McManus, 1988) . A distinct difference in roundness was observed between reef and lagoon beach sediments (Table 2) . Upper beach reef sites D and H both showed sediments that were well rounded. Site H in particular continued this character to lower beach areas. At the lagoon sites, all beach samples showed sub-rounded to rounded classifications (16 of 18). With the exception of the upper beach at sites E and F, that showed rounded sediment, the upper, medium and lower beach sampling locations at lagoon sites (A, B, C, E, F and G) generally showed a uniform sub-rounded sediment character.
Sand Composition
Average composition from all samples taken from each site and for all sites are graphed in Figure 4 , and composition of samples across each beach are shown in Table 3 . Of all study sites, the dominant sediment contributors were found to be corals (37% ± 2.1 SD), molluscs (30% ± 2.6 SD), foraminifera (12% ± 4.1 SD) and algae (20% ± 0 SD) (Table 3 ). There was no significant difference in the coral content across all 8 sites (One-Way-ANOVA, f = 1.543, df = 7, p = 0.2228). There was a significant difference in the coral content across samples from the lagoon and reef environments (t-test, t = 2.344, df = 8.074, p = 0.047). The lagoon beach sites showed approximately 5% higher composition of mean coral content relative to the reef beaches.
Mollusc shells contributed a mean of 32% ± 4 SD to the composition of lagoon beach sediments, and a mean of 25% ± 7 SD to the composition of lagoon beach sediments. A significant difference was found (ttest, t = 3.765, df = 17, p < 0.002), with the lagoon beaches having approximately 7% higher mollusc shells relative to reef beaches. Among all sites, there was no significant difference in the mollusc shell proportions (One-Way-ANOVA, f = 2.7890, df = 7, p = 0.0423).
Two common molluscs were of the Strombus genus, a gastropod with a short conical spire to the shell with rounded spikes ( Figure 5A ), and Wallucina fijiensis ( Figure 5B ), a bivalve with a thin, brittle shell that is widely distributed in the Indo-West Pacific (Glover and Taylor, 2001) . Wallucina fijiensis has been reported as abundant on Tarawa (Paulay, 2000; CSIRO, 2016) . Of the coarse particle sizes of 1.0-4.0 mm, mollusc and coral fragments were dominant, with no foraminifera. Sediment of 0.5-1.0 mm was also dominated by shell and coral fragments, with only low levels of foraminifera. Table 1 . Column X shows the average island beach sediment composition. The contribution of calcareous algae to Abaiang beach sand was more difficult to confirm owing to small fraction sizes, and the fragments having poorly distinguishable features relative to other contributors such as foraminifera, corals and shells ( Figure 5 ). Many fragments examined resembled the non-skeletal grains or intraclasts, described from Oahu by Harney et al. (2000) as being mostly of algal origin. Halimeda calcareous algae disarticulates into the finest particles of all calcareous bioclasts (Perry et al., 2011) , being less taphonomically durable relative to corals, shells and foraminifera (Ford and Kench, 2012) , so more likely to break up in active processes, to form finer sands (Milliman, 1974) .
Foraminifera showed the lowest relative abundance after coral fragments, mollusc-and algae-derived sediment (Figure 4) . The highest relative abundance of foraminifera was found on reef beaches at low beach sampling zones (30 to 40%) (Table 3 ). There was a significant difference in the foraminifera composition in the sediments of lagoon and reef beaches (t-test, t = 4.301, df = 17, p < 0.001), with reef beaches showing a mean of 12% higher foraminifera levels relative to lagoon beaches. Two common foraminifera occurring were Baculogypsina ( Figure 5C ) and Calcarina ( Figure 5D ).
Geochemistry
Gravimetric analysis of carbonate content in each of the sieve fractions indicated that all sands were carbonate dominant, with more than 99% of the sediment soluble in acid (Table 4) . Calcium levels as determined using AAS analysis showed that beach sediments had a mean of 32.07% ± 2.13 SD calcium by mass, with a range of 29.13 -34.80% mass ratio (Table 4 ). There was no significant difference in the mean calcium percentage between the lagoon and reef beach sediments (t-test, t = 0.709, df = 6, p= 0.505). Calcium can be present as calcium sulphate or calcium chloride as well as calcium carbonate, so geochemical analysis also determined calcium carbonate content, (Table 4) , which showed a mean of 80.09%± 5.31 SD of the sand of beach sites with range extending from 72.77 to 86.92% mass ratio. There was no significant difference in the calcium carbonate levels between the sediment of the lagoon and reef beaches (t-test, t =0.709, df = 6, p = 0.505). Across the island, magnesium was found to constitute 1.38% ± 0.27 SD of the sediments, equating to 4.79% ± 0.93 SD of the total mass as magnesium carbonate (Table 4 ). There was a significant difference between the lagoon and reef beaches in the magnesium composition of the sediment (t-test, t = 2.753, df = 6, p = 0.033). Reef beaches on average had about 0.43% more magnesium by weight than lagoon sites. There was a significant difference in the magnesium carbonate composition of the sediment between lagoon and reef beaches (t-test, t= 2.752, df = 6, p = 0.033). On average, reef sites had about 1.50% more magnesium carbonate by weight than lagoon sites. Overall, 84.88% ± 4.78 SD of sediment by mass was accounted for as the calcium and magnesium carbonates (Table 4) . Sodium was found to constitute 0.51% ± 0.08 SD by weight of the sediments. The remainder was composed of other acid soluble compounds, while <1% of the sediment was insoluble.
This small amount of insoluble material (<1%) was found in sand samples from all beaches (Table 4) , with a mean of the weight of measured samples of 0.32% ± 0.18 SD. The highest mass of insoluble material was observed in lagoon sites A, C and E, with an average insoluble content of 0.53% ± 0.04 of the total mass. The reef site (D) at St. Joseph's College had the lowest insoluble non-carbonate residue of 0.08% by weight. There was no significant statistical difference in the insoluble fraction of the sediment (t-test, t = 1.720, df = 6, p = 0.136) between lagoon-facing and seaward reef-facing beaches. Results from colour of the insoluble residue are shown in Table 4 , all of Hue 10 YR, but with darker values found from the lagoon sites and lighter values found from the reef sites, the photographs in the last row showing the reef sites of D and H to have paler browns than the lagoon sites, particularly lagoon sites of the northern part of the atoll.
DISCUSSION
Carbonate sand was the only sediment classification found in all samples collected from Abaiang lagoon and reef beaches ( Table 2, Table 4 ), with sources from corals, mollusc shells, and foraminifera ( Figure 4, Table 3 ). Beach composition is discussed first because the texture and geochemistry results likely rely on the biogenic sources of the different components of the sand, such as proportions of coral or foraminifera. Most atoll reef islands in the Pacific show foraminifera dominance (Perry et al., 2011; Ellison et al., 2017) , but all Abaiang beaches were coral-dominant (Figure 4 ). Surface sediments of reef islands in Fiji also showed coral-dominance (McKoy et al., 2010) , and on Tarawa, Ebrahim (2000) also found coral dominance in beach sand, with higher foraminifera (c. 37%), and lower proportions of molluscs (c. 15%) and Halimeda (c. 4%) relative to results from Abaiang (Table 3) .
While coral was the highest contributor to Abaiang beach sand at all sites, there was an unexpected significant difference between coral content at reef sites and lagoon sites, with higher levels of coral at lagoon sites. This was unexpected because of higher coral proportions reported from offshore surveys on windward sites relative to lagoon sites (Lovell, 2000) , and may be derived from wind-driven waves and currents being responsible for the active transport of reef-derived materials to the lagoons . Coral fragments have high taphonomic durability to mechanical destruction in quiet water conditions (Scoffin, 1992) . While the sediment contribution of foraminifera was lower than found at Fongafale Island of Funafuti Atoll, Tuvalu (Collen and Garton, 2004) , with an average for Abaiang sites of 12% (Figure 4) , it also made a significantly greater contribution at reef sites, increasing to a mean of 20% and a maximum of 40% (Table 3) . By contrast, little difference (<5% variation) was found in proportions of coral, foraminifera and molluscs on ocean and lagoon facing beaches on Tarawa (Ebrahim, 2000) , with less than 5% difference in results. Reef environments fringe Abaiang (Figure 1) , with closer proximity and higher diversity and productivity (Paulay and Kerr, 2001 ) at windward sites relative to leeward reef sites. The significant difference of lower coral proportions in reef beach sediments may be owing to dilution by abundant foraminifera supply at reef sites, with large foraminifera presence described as reflecting coral reef vitality in low nutrient marine environments (Hallock, 2000) . Foraminiferal abundance may fluctuate with wind conditions, with direct winds tending to sweep individuals off the substratum (Fujita et al., 2009) . No evidence was found in variations of corals, mollusc and foraminifera proportions between the lagoonal sites, likely showing effective lagoonal circulation.
Abaiang results showed a lower contribution of foraminifera to beach sand (Table 3) relative to other Pacific atolls (Collen and Garton, 2004; Yamano et al., 2005; Perry et al., 2011; Ellison et al., 2017) . The identified foraminifera of genus Baculogypsina ( Figure 5C ) and Calcarina ( Figure 5D ) are commonly found on Tarawa (Smith and Biribo, 1995) , where they are abundant contributors to beach sediments (Ebrahim, 2000) . On the nearest atoll to Abaiang, extensive sampling of sediments around Tarawa found living foraminifera only at ocean-facing sites (Ebrahim, 2000) , with the well-preserved nature of ocean beach foraminifera tests indicating close proximity to their source.
Shell contributors to Tarawa sand have not been identified before (Smith and Biribo, 1995) . The identified mollusc genus Strombus ( Figure 5A ) lives on sandy areas of patch reefs, commonly found near coastlines in depths ranging from 3 to 30 m (Brownell, 1977; Tewfik and Guzman, 2003) , and gastropods such as Strombus are common in nearshore lagoon waters on Tarawa (Thomas, 2001 ). These habitat preferences may explain the significantly higher mollusc shell composition on lagoon beaches relative to reef-facing beaches.
Halimeda is a major contributor of fine-grained lagoon sediment on nearby Tarawa (Weber and Woodhead, 1972; Smith and Biribo, 1995) , and it is widespread on Abaiang (Lovell, 2000) . Halimeda segments have low resistance to taphonomic breakdown, owing to flakes that are easily fragmented (Scoffin, 1992) . Nearshore carbonate sediments with Halimeda, molluscs and foraminifera content, were shown to have chemical compositions of MgCO 3 and CaCO 3 (Chave, 1954; Böhm, 1973) in the same ranges as our results (Table 4) . Lower levels of Halimeda contribution to beach sand is a recognised trend across Pacific atolls (Yamano et al., 2005; Perry et al., 2011) , relative to Caribbean atolls which show dominance in beach composition by Halimeda (Perry et al., 2011) .
These biogenic carbonate sediment sources were confirmed from geochemical analysis results, with over 99% of all beach sand samples dissolving in HCl (Table 4) , and with sands comprised of 85% of carbonates of calcium and magnesium (Table 4) . The contribution of different geochemical compounds to carbonate beach sand has been little analysed previously, and results (Table 4) allow identification of the different carbonates. Biologically, magnesium is essential to tissue and skeleton formation in lime-secreting marine organisms such as molluscs and foraminifera (Chave, 1954) , and magnesium is present in both aragonite and calcite mineralogies of carbonate sand (Falls and Textoris, 1972; Halley, 2000) . While corals and shells have a high composition of calcium carbonate, often corals and Mollusc shells have much higher magnesium carbonate content than calcite (Weber and Woodhead, 1972) . Magnesium and magnesium carbonate content was found to be higher at reef sites relative to lagoon sites, where foraminifera content in sediment was double that of lagoon sites (Figure 4 , Table 3 ). Magnesium carbonate is present in reef foraminifera (Ponder and Glendinning, 1974; Morris et al., 2003) , likely causing the higher levels found of magnesium on reef-facing sites. Magnesium carbonate levels of Abaiang beach sand of 4.8% (Table 4) were higher than contents found in reef flat sediments offshore of Viti Levu (Morris et al., 2003) , likely owing to higher foraminiferal composition (Table 3) .
The non-carbonate residue appeared as a high-volume floc of clay-like particles, which after filtration showed a low mass of <1% of the sediment (Table 4) , similar to proportions found on Tarawa (Forbes and Hosoi, 1995; Forbes and Solomon, 1997; Ellison et al., 2017) . The colours showed consistent variation between reef and lagoon sites, between which beach composition showed a significant difference in abundance levels of coral, molluscs and foraminifera (Figure 4 ; Table 3 ). This very minor non-carbonate material could consist of siliceous material from sponge skeletons, or unusual compounds such as magnetite crystals from chitons (Smith and Collen, 2004) , which may dissolve in acid (Salmimies et al., 2011) but only after a far longer exposure than our analyses. The residue may also have a contribution from insoluble proteins, as reaction between some protein molecules and HCl is known to be extremely slow, and requires several days for a complete digestion to occur (Armstrong and Hollyman, 2015) . This study, in combining geochemical, texture and composition analysis, shows that it is from within the biogenic sand, not from a different particle such as pumice.
Sand grain-size results from Abaiang of predominantly medium to coarse sand were similar to results from reef flat and island sediments of reef cays of Fiji (McKoy et al., 2010) . Results also showed beach sediment to be finer on the upper beaches relative to lower beaches (Table 2; Figure 3 ), as shown from both Tepuka Island, Funafuti (Kench et al., 2014 ) and a lagoon beach of North Tarawa (Ellison et al., 2017) . Upper beach sand samples showed better sorting relative to lower beach samples, with the least trend at site C. During normal conditions of prevailing winds from the east, currents through the barrier reef passage from the west arrive at this location on the Teiro lagoon shore (Lelaurin, 2000) , with coarser and more poorly sorted sand at site C relative to the other lagoonal sites (Table 2) . Micro-tidal tropical beaches are wave dominated (Short, 1999) , and at low tide on lagoonal shores wave energy is low with patchy water depths across extensive lagoonal offshore flats. During fieldwork it was observed on lagoonal beaches that at high tide, waves break on the lower beach and wave swash moves the fines further up the beach profile, likely leaving coarse textures at the base of the beach. This interpretation is supported by the sediment rounding results (Table 2) , where sites that showed any trend across the narrow beaches (Figure 2 ) showed more rounded sediment at the upper beach, indicating attrition processes from wave jostling of sediment.
At low tide on reef beaches, wave action remains outside the reef, while at high tide strong wave action occurs directly on the beach as the reef is overtopped. This brings mixing and high transport capacity across reef platforms with waves able to move sediment for c. 50% of the time (McKoy et al., 2010) . Ocean facing beaches on Tarawa are described as having constant, high-energy wave action (Weber and Woodhead, 1972 ), but at low tide wave action does not traverse the reef, so does not contact the beach. Such upper beach wave action explains the exceptionally well sorted grain-size distributions at reef sites (Table 2; McManus, 1988) , along with rounded sediment properties ( Table 2) . Well sorted sediment can indicate consistency of wave action processes, which occurs during high tide conditions on these beaches, and rounding is also indicative of stronger wave action attrition processes.
There was a lack of fine sediment of silt or clay (diameter <0.063 mm) (Table 2, Figure 3 ) at all beaches sampled. This may be attributed to taphomomic sediment breakdown through calcium carbonate dissolution, which for reef sediments is not only high for smaller size fractions (Scoffin, 1992) , but can be even higher where freshwater mixes with normally supersaturated surface seawater (Andersson and Gledhill, 2013) . Abaiang, as indicated by adjacent Tarawa, normally has a high annual rainfall of over 2,000 mm. High carbonate fraction in the sediment (Table 4) , slightly acidic rain water (Galloway et al., 1982; Nagamoto et al., 1990 ) and freshwater lens outflow at low tide could cause carbonate dissolution of fine particles from the beach. This would not affect sub-tidal waters, such as in the Tarawa lagoon where finer fractions are common (Weber and Woodhead, 1972; Smith and Biribo, 1995) , with shallow marine water rarely falling below pH 7 or 8 (Milliman, 1974) , being buffered by carbonate and sulphate species.
Sediment supply to beaches on Tawara has been reduced in the last few decades by inappropriate coastal protection and closure of lagoon passages by causeways (Forbes and Hosai, 1995; Duvat, 2013) . This has contributed to a vicious cycle of use of beach sediment to raise people's plots and houses, causing destabilisation of the coast (Duvat, 2013) . On Abaiang, population density is far lower and only one causeway has been constructed, leading to blockage of sand supply to northern beaches (Webb, 2006) , resulting in ongoing shoreline erosion (MISA, 2008) . This study shows that the sources of sediment to these beaches is carbonate sand derived from coral reefs, and lagoon benthic habitats such as seagrass beds with calcareous algae and molluscs. Beach sand supplies can be maintained by ensuring the health of these ecosystems, also preventing disruptions to sediment movement along the shoreline.
CONCLUSIONS
Beach sand properties and composition vary around Abaiang atoll, with significant differences in biogenic sources, such as coral, molluscs, and foraminifera, on reef beaches relative to lagoon beaches. Beach composition consistently showed differences to most other Pacific atolls studied, with a relatively low proportion of foraminifera, and relatively high domination by coral fragments. Coral dominance on lagoon facing-beaches indicates the need to maintain near shore processes of sediment transport that on modified atolls may have been blocked by the construction of causeways between atoll islands, as has occurred on Tarawa (Ebrahim, 2000) .
Carbonate sediment sources found in this study on Abaiang beaches are reliant on productive ecosystems, and following human impacts supply can "turn off" particularly with changes in water quality such as eutrophication from sewage runoff, and loss of grazers and substrate eroders (Perry et al., 2011) . Pollution in lagoon waters as has occurred on Tarawa can reduce foraminifera presence (Ebrahim, 2000) , and while bioerosion can reduce abundance of coral fragments, there has been very limited study in the Pacific islands (Perry and Harborne, 2016) . Coral bleaching can impact the productivity of reefs (HoeghGuldberg et al., 2007) , compromising photosynthesis, calcification and reproduction (Baker et al., 2008) , which may also reduce sediment supplies to beaches.
Abaiang is a pristine atoll relative to others which have a range of human impacts, such as Tarawa, Majuro and Palmyra. The importance of management to reduce potential impacts on biogenic sediment supplies in future are indicated from more impacted locations. Studies have found that local human-induced stress reduces coral bleaching resistance (Carilli et al., 2012) , Some molluscs are highly sensitive to change in climatic conditions and anthropogenic activities that directly reduce recruitment success (Beukema and Dekker, 2005) , which may result in a decline of sediment supply. Benthic foraminifera have been shown to be sensitive to anthropogenic pollution and limited water circulation (Ebrahim, 2000) , particularly nutrient loading (Fujita et al., 2009; Fujita et al., 2014) .
Sea level rise has been identified as the greatest threat to human habitability of the low lying Pacific islands (Church et al., 2013; Duvat et al., 2013) . Atoll islands can persist, with creative adaptation pathways and planning (Kench et al., 2018) . Continued supply of sediment can allow reef islands to morphologically adjust to changing environmental conditions (McKoy et al., 2010) , and anthropogenic impacts such as trampling and anchor damage to nearshore habitats can reduce sediment supply, leading to beach erosion and threats to island communities and infrastructure. Beach rehabilitation can reduce erosion (Ellison et al., 2015) , through reduction of human impacts that exacerbate erosion or damage sediment supply (Ebrahim, 2000) , and use of ecosystem-based adaptation such as vegetation planting of littoral trees and vines (Ellison, 2018) . Increased capacity for condition assessment, monitoring and management of coral reef and benthic lagoon habitats are direct preventative measures to prevent beach erosion.
